Introduction
============

Gastric cancer (GC) is one of the most common types of malignant cancer in the world.[@b1-dddt-10-1181] Despite a decrease in the past several decades, it still remains the second leading cause of cancer death.[@b2-dddt-10-1181] Current choices of treatment for GC include chemotherapy, surgery, and radiation therapy. However, unfortunately, the overall prognosis of the disease is disappointing, especially for those with advanced GC. Chemotherapy resistance and metastasis largely contribute to the failure of curative treatment. Thus, it is of great necessity and importance to develop new drugs.

Cyclin-dependent kinases (CDKs) are a large group of serine/threonine protein kinases that have central roles in controlling the cell cycle and transcription. Activation of specific CDKs is required for the appropriate progression through the cell cycle and into the next stage of the cell cycle. CDK--cyclin complexes were also identified as conserved components of the RNA polymerase II (Pol II) transcriptional machinery.[@b3-dddt-10-1181] Two nonoverlapping sets of CDKs have been defined in metazoans: CDK1, CDK2, CDK4, and CDK6, which regulate the cell division, and CDK8 and CDK9, which are dedicated to transcription control. CDK7 is the only one that cannot be easily classified. Phosphorylation of the first group of CDKs is mediated by CDK-activating kinase that has three subunits including CDK7, cyclin H, and MAT1.[@b4-dddt-10-1181]

Additionally, as an essential component of the transcription factor TFIIH, CDK7 is also involved in transcription initiation by phosphorylating the COOH-terminal domain of the largest subunit of RNA pol II.[@b5-dddt-10-1181] Thus, CDK7 is becoming an attractive target for anticancer treatment. Inhibition of CDK7 activity is expected to inhibit both transcription and cell progression, therefore, leading to an antitumor effect. The first generation of CDK inhibitors has entered late-stage clinical trials but so far has only shown modest activity because of unfavorable pharmacology.[@b6-dddt-10-1181] Most of the CDK inhibitors target the highly conserved kinase domain and could inhibit multiple CDK family members, which in part explain the undesirability of those trials. Hence, the identification of more selective and potent CDK inhibitors is imperative. BS-181, a pyrazolo \[1,5-α\] pyrimidine-derived compound, is a novel selective inhibitor of CDK7 by computer-aided drug design. In the previous study, it was demonstrated that BS-181 inhibited the phosphorylation of the PolII C-terminal domain (CTD) at Ser,[@b5-dddt-10-1181] which is known as a CDK7 substrate, thus promoting cell cycle arrest and apoptosis to inhibit the growth of cancer cells in a breast cancer cell line.[@b7-dddt-10-1181] Furthermore, compared to roscovitine, a broad-spectrum CDK inhibitor, BS-181 exhibits a substantially higher preference for CDK7. The results mentioned earlier strongly indicated the potential of BS-181 in anticancer treatment. However, no literature has shown the antitumor effect of BS-181 in GC.

In the present study, we investigated whether BS-181 inhibited the tumor growth and metastatic behavior of GC in vitro as well as in vivo and the underlying mechanisms.

Materials and methods
=====================

The Ethics Committee of Zhongnan Hospital of Wuhan University approved this study (2014-02-ZN012).

Cell culture
------------

The biological effects of BS-181 on GC have been investigated using BGC823. BGC823 cells were purchased from The Medical Experiment Center of Zhongnan Hospital of Wuhan University (Wuhan, Hubei, People's Republic of China). BGC823 cells were cultured in F-12 Ham medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (MP Bio-medicals, Solon, OH, USA). Cultures were maintained at 37°C in a humidified atmosphere of 95% air and 5% CO~2~.

Reagents
--------

BS-181 was purchased from Biofavor Biotech Service Co., Ltd. (Wuhan, Hubei, People's Republic of China). Cyclin D1 (sc-753) antibody was purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA); PolII (N-20) and PolII phosphoserine-5 (ab5131) antibodies were purchased from Santa Cruz Biotechnology Inc.; Bcl-2 (\#2870p) antibody was purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA); Bax (BS-2538) antibody was purchased from Bioworld Technology, Inc. (MN, USA). Caspase-3 antibody was purchased from Sanying (Wuhan, People's Republic of China); XIAP (ab86227) antibody was purchased from Abcam (Shanghai, People's Republic of China). Anti-β-actin and horseradish peroxidase-labeled secondary antibodies were purchased from Boster (Wuhan, Hubei, People's Republic of China); the concentrations of all antibodies were used according to the manufacturers' instruction.

Kinase assays in vitro
----------------------

As previously described,[@b7-dddt-10-1181] kinase assays were performed to evaluate the inhibitory effects of BS-181 on CDK activities in vitro. Kinase assays were carried out using substrate peptides purchased from ProQinase GmbH (Freiburg, Germany). A luciferase assay (PKLight assay; Cambrex, UK) was used to determine ATP remaining at the end of the kinase reaction according to the manufacturer's protocols.

Western blot analysis
---------------------

Whole-cell lysates were prepared from BGC823 cells, and standard Western blot analysis was performed. Protein concentrations were detected using Bradford dye (Bio-Rad Laboratories Inc., Hercules, CA, USA). Equal amounts of protein extracts (10 μg) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The membrane was probed with specific primary antibodies including XIAP (1:300), cyclin D1 (1:300), BCl-2 (1:800), Bax (1:600), and caspase-3 (1:600). The protein bands were normalized with β-actin, and all the blots were quantified with Software Quantity One (Bio-Rad Laboratories Inc.).

Cell cycle and apoptosis analysis
---------------------------------

Cells were seeded on plates in Dulbecco's Modified Eagle's Medium containing 10% fetal calf serum. After incubation with BS-181 for 12 hours, 24 hours, 48 hours, and 72 hours at 0 μM, 1 μM, 10 μM, and 20 μM, cells were harvested, rinsed with cold PBS, and fixed with 70% ice-cold ethanol for 30 minutes and then incubated with propidium iodide (PI) for 30 minutes prior to flow cytometry (BD Biosciences, San Jose, CA, USA). Cell apoptosis was determined by flow cytometry using Annexin V-FITC/PI (BD Biosciences) double staining assay. Annexin V-positive and PI-negative cells were identified as apoptotic cells. The apoptotic rate was determined using CellQuest software (FCM, BD Biosciences).

Cell viability assay
--------------------

Cell viability was detected using Cell Counting Kit (CCK-8 kit, Dojindo Laboratory, Japan) according to supplier's introductions. Briefly, BGC823 cells were seeded at 10^4^ cells per well for 48 hours with or without BS-181. Then, the absorbance was detected at 450 nm (reference at 650 nm) in each well.

Cell migration and invasion assay
---------------------------------

To evaluate cell migration, BGC823 cells (1×10^5^/mL, in minimum essential medium supplemented with 1% fetel bovine serum) were placed into top chamber of transwell migration chambers (8 μm pores Transwell inserts, BD BioCoat™). The lower chamber was filled with 0.1% bovine serum albumin--DMEM without serum. After 24 hours, unmigrated cells were removed from the upper surface of transwell membrane, and migrated cells in the lower chamber were fixed, stained, photographed, and counted. To assess invasion in vitro, invasion assays were done under the same conditions as the transwell migration assays, but in matrigel-coated transwells.

Animal preparation and human tumor xenografts
---------------------------------------------

Sixty-seven-week-old male BALB/c-nu mice were purchased from the Hubei Center for Disease Control and Prevention (Wuhan, Hubei, People's Republic of China). All animal experiments were performed in the Animal Research Center of Wuhan University (Wuhan, Hubei, People's Republic of China) and were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of Wuhan University. The Ethics Committee of Zhongnan Hospital of Wuhan University approved the animal study (20140120ZN01). Animals were raised under controlled conditions with a temperature of 24°C±2°C and a relative humidity of 50%±15%.

Human tumor xenografts were established as previously described.[@b7-dddt-10-1181] In total, 5×10^6^ BGC823 cells (0.1 mL) were injected subcutaneously into the flank of the mice. Tumor measurements were performed two times per week, and volumes were calculated using the formula: tumor size = (length \[mm\] × width[@b2-dddt-10-1181] \[mm\])/2. Finally, 30 mice (tumor volume 100--200 mm^3^) were selected and randomly assigned into three groups. As previously described,[@b7-dddt-10-1181] BS-181 was prepared in 10% dimethyl sulfoxide/50 mM HCl/5% Tween 20/85% saline. Mice received BS-181 injection (ip) twice daily at indicated doses (BS-181 \[10 mg/kg/d or 20 mg/kg/d\] or roscovitine \[20 mg/kg/d\]) for a total of 14 days. Control mice were injected with vehicles. Animal weights and tumor volume were measured each day throughout the 14-day treatment. In addition, all rats were kept for another 30 days for survival observation. Mice were injected intraperitoneally twice daily with BS-181 at 5 mg/kg or 10 mg/kg.

Statistical analysis
--------------------

Comparisons among all groups were performed with the one-way analysis of variance test or unpaired Student's *t*-test. The survival analysis was estimated with the Kaplan--Meier method. The significance of comparison was calculated with the log-rank test. A two-tailed *P*\<0.5 was considered significant. All data were analyzed using SPSS software version 21.0 (StataCorp LP, College Station, TX, USA).

Results
=======

BS-181-inhibited gastric cancer cell proliferation, migration, and invasion
---------------------------------------------------------------------------

To evaluate the antiproliferative ability of BS-181 in GC, several different cell lines including MKN28, SGC-7901, AGS, and BGC823 were treated with increasing concentrations of BS-181 for 48 hours. CCK-8 assay showed that GC cell growth was inhibited by BS-181, with inhibitory concentration (IC~50~) ranging from 17 to 22 μM. For normal gastric epithelial RGM-1 cell line, IC~50~ was 6.5 μM ([Table 1](#t1-dddt-10-1181){ref-type="table"}). In addition, we investigated the effects of BS-181 on cell migration and invasion ability. As expected, BS-181 significantly inhibited cell migration and invasion ability in a dose-dependent manner (*P*\<0.05, respectively; [Figure 1](#f1-dddt-10-1181){ref-type="fig"}).

BS-181-induced cell apoptosis and cell cycle arrest in gastric cancer cells
---------------------------------------------------------------------------

Cell apoptosis was determined using flow cytometry. Significant increases in apoptotic cells were observed in BS-181-treated BGC823 cells compared to control (*P*\<0.05, respectively; [Figure 2A](#f2-dddt-10-1181){ref-type="fig"}). Our results also showed that BS-181-induced cell apoptosis in a dose- and time-dependent manner. Additionally, caspase-3 and Bax expressions have been significantly increased, while Bcl-2 level has been reduced in cells treated with BS-181 compared to control (*P*\<0.05, respectively) ([Figure 2B](#f2-dddt-10-1181){ref-type="fig"}). These results indicated that BS-181 could induce apoptosis in GC cells. Furthermore, the inhibition of CDK7 activity led to a significant reduction of key antiapoptotic protein XIAP and cell cycle regulator cyclin D1 (*P*\<0.05) ([Figure 2C](#f2-dddt-10-1181){ref-type="fig"}). Thus, BS-181 may regulate cell apoptosis and cell cycle progression via downregulating XIAP and cyclin expression in BGC823 cells. In the present study, cell cycle distribution was analyzed by flow cytometry ([Figure 3](#f3-dddt-10-1181){ref-type="fig"}). Treatment of BS-181 showed an increase in cells in G0/G1, accompanied by a reduction of cell population in S and G2/M phases. These results indicated that BS-181-induced cell cycle arrest in the G0/G1 phase and delayed the progression of the cell cycle.

BS-181-inhibited CDK7 activity in gastric cancer cells
------------------------------------------------------

BS-181 was synthesized as a specific CDK7 inhibitor. In this study, we also confirmed that BS-181 is a specific inhibitor of CDK7. As shown in [Table 2](#t2-dddt-10-1181){ref-type="table"}, BS-181-inhibited CDK7 activity with an IC~50~ =0.019 μM, while the IC~50~ achieved with roscovitine was 0.48 μM. In addition, the IC~50~ values for inhibition of other CDKs by BS-181 were \>1 μM, which is much more higher than that of CDK7. In addition, immunoblotting showed that BS-181 inhibited the phosphorylation of the RNA polymerase II CTD at the well-established CDK7 phosphorylation site serine 5 (P-Ser5) ([Figure 4](#f4-dddt-10-1181){ref-type="fig"}).

BS-181-inhibited tumor growth in vivo and increased survival rate
-----------------------------------------------------------------

As previously described,[@b7-dddt-10-1181] the maximum tolerated single dose for BS-181 given intraperitoneally was 30 mg/kg/d, and a dose of 10 mg/kg/d or 20 mg/kg/d was well-tolerated in BALB/c-nu mice. In this study, mice received intraperitoneal injection of BS-181 twice daily with 5 mg/kg/d or 10 mg/kg/d to give daily doses of 10 mg/kg or 20 mg/kg, over a period of 2 weeks. In addition, another group of 15 rats received roscovitine (20 mg/kg/d) injection for a total of 14 days. We observed that tumor growth was significantly inhibited by BS-181 in a dose-dependent manner compared to the control group (*P*\<0.05, respectively) ([Figure 5A](#f5-dddt-10-1181){ref-type="fig"}). However, there was no significant difference in mice body weights between groups during a 14-day observation ([Figure 5B](#f5-dddt-10-1181){ref-type="fig"}). This indicated that there was no apparent toxicity at a daily dose of 10 mg/kg or 20 mg/kg. In addition, all animals were kept for another 30 days for survival observation. As seen in [Figure 5C](#f5-dddt-10-1181){ref-type="fig"}, eight of ten mice (80%) died in the control group, five of ten (50%) died in the roscovitine group, while six of ten (60%, 10 mg/kg/d) and three of ten (30%, 20 mg/kg/d) mice died in BS-181-treated groups. The overall difference in survival rate between rats treated with or without BS-181 was significant (*P*\<0.05, respectively).

Discussion
==========

GC represents an important burden on human health, with hundreds of thousands of newly diagnosed cases and related deaths in the world per year. Thus, the needs for improved understanding of the disease at the basic molecular level and the search for new effective drugs are imperative. CDK7, which plays critical roles in the regulation of transcription and cell cycle, is now an attractive target for the development of anticancer drugs.[@b8-dddt-10-1181] As a member of the transcriptional CDKs, CDK7 facilitates efficient transcriptional initiation, pause release, and elongation by phosphorylating the CTD of RNA Pol II. Moreover, CDK7 is also known to regulate the cell cycle of metazoans by controlling the activation of CDKs through T-loop phosphorylation.[@b9-dddt-10-1181] Inhibition of CDK7 perturbs transcriptional elongation, resulting in the downregulation of short-lived antiapoptotic proteins, such as Mcl-1 and XIAP, and cell cycle regulators such as cyclin D1.[@b10-dddt-10-1181] Previous study has shown that BS-181 selectively inhibited CDK7 by blockage of phosphorylation of the CDK7 substrate, Ser5, in the Pol II COOH-terminal domain, thus leading to anticancer effects in breast cancer cells.[@b7-dddt-10-1181] In the present study, we examined the antitumor effect of BS-181 in GC both in vitro and in vivo. We demonstrated that BS-181 strongly inhibited tumor cell growth in different GC cell lines of which the differentiation levels range from well-differentiated to undifferentiated. Considering that the undifferentiated GC has generally a worse prognosis, BGC823 cells were selected for the rest of our studies at cellular and molecular levels. Moreover, the results of in vivo studies demonstrate that BS-181 reduced the tumor volume in a time- and dose-dependent manner. To further explore the underlying mechanisms of cell growth inhibition, we conducted a cell cycle analysis by flow cytometry, which reveals that GC cells treated with BS-181 accumulated in the G0/G1 phase of the cell cycle, whereas the number of cells in S and G2/M phases significantly decreased. This coincided with the downregulation of cyclin D1 demonstrated by Western blotting. Cyclin D1 is a key regulator of G1 to S phase progression of the cell cycle. Accumulation of cyclin D1 in early to mid-G1 phase leads to activation of the kinases that phosphorylate and inactivate the tumor suppressor Rb, which is necessary for cell cycle progression through the G1 to S phases.[@b11-dddt-10-1181] Previous studies show that blockage of cyclin D1 prevented from cell cycle from proceeding into S phase,[@b12-dddt-10-1181] which is in concordance with the result of our studies. Cyclin D1 overexpression was found in a series of tumor types, including GC,[@b13-dddt-10-1181] breast cancer[@b14-dddt-10-1181] and colon cancer,[@b15-dddt-10-1181] and is a prognostic indicator associated with poor survival of cancer.[@b16-dddt-10-1181] Our results suggest that the downregulation of cyclin D1 can be part of the mechanisms in which BS-181 suppressed cell proliferation and tumor growth of GC.

Apart from the interference in the cell cycle, inhibition of CDK7 by BS-181 also induced cell apoptosis in GC cell lines, as shown by cytometry in our present study. Additionally, immunoblotting shows downregulation of XIAP, and expression of Bcl-2 was also reduced by BS-181. Bcl-2 is the prototype of a class of genes that contribute to tumor progression by inhibiting cell apoptosis. The family of Bcl-2-related proteins constitutes one of the apoptosis-regulatory gene products acting at the effector stage of apoptosis.[@b17-dddt-10-1181] X chromosome-linked inhibitor of apoptosis (XIAP) is a key member of the newly discovered family of intrinsic inhibitors of apoptosis (IAP) proteins. Unlike Bcl-2 that elicits the antiapoptotic effects by regulating the intrinsic pathway, IAP proteins act mainly by blocking cell death directly binding and inhibiting initiator as well as caspases. XIAP is known as a potent inhibitor of caspases-3, -7, and -9.[@b18-dddt-10-1181] As our results show, both Bax, a member of Bcl-2 family, and caspase-3 were reduced by BS-181. Thus, induction of apoptosis via Bcl-2 and XIAP pathways might contribute to the antitumor effects of BS-181 in GC.

Metastasis is responsible for most of the cancer mortalities. The capability of cell migration and invasion is considered to be one of the important determinants in the process of metastasis. In the current study, we found that BS-181 could decrease the GC cell migration and invasion in vitro. It was demonstrated that in breast cancer cells, cyclin D1 was required for TGF β-mediated migration,[@b19-dddt-10-1181] and higher Bcl-2 levels were also shown to be correlated with better outcomes in metastatic breast cancer.[@b20-dddt-10-1181] Based on observations of our present study, we postulated that the antiinvasion and antimigration effect of BS-181 might be partly due to the modulation of cell cycle and antiapoptotic mechanism. However, further evidences are required.

Conclusion
==========

In conclusion, our study demonstrates that BS-181, the selective inhibitor of CDK7, prevents cell growth both in vitro and in vivo, induces the G1 arrest and apoptosis, and inhibits cell migration and invasion of GC. Therefore, BS-181 provides potent and selective CDK7 inhibitor with the potential as an antigastric cancer agent.
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![BS-181 decreased the migration and invasion ability of BGC823 cells.\
**Notes:** BGC823 cells were treated with BS-181 for 24 hours at indicated concentrations. Migration and invasion assay of BGC823 cells (**A**). BS-181 significantly decreased the number of migrated (**B**) and invaded (**C**) cells. Compared with control group ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01; compared to other groups ^\#\#^*P*\<0.01.](dddt-10-1181Fig1){#f1-dddt-10-1181}

![BS-181 induced cell apoptosis (**A**) and regulated apoptosis-related protein expressions (**B** and **C**).\
**Notes:** BS-181-induced BGC823 cell apoptosis in a dose- and time-dependent manner. Additionally, BS-181 increased expression of proapoptotic proteins and decreased expression of antiapoptotic proteins. Compared with control group ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01; compared to other groups ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01.](dddt-10-1181Fig2){#f2-dddt-10-1181}

![BS-181-impaired cell cycle progression in BGC823 cells.\
**Notes:** Cell cycle distribution was analyzed by flow cytometry (**A**). Data are presented as the mean of triplicate experiments (**B**). Administration of BS-181 significantly increased the percentage of cells in the G0/G1 phase, and significantly decreased the S and G2/M phase fractions.](dddt-10-1181Fig3){#f3-dddt-10-1181}

![BS-181-inhibited phosphorylation of CDK7 substrates.\
**Notes:** Whole cell lysates were prepared from BGC823 cells treated with BS-181 for 4 hours at indicated concentrations. Immunoblotting was carried out using antibodies for RNA polymerase II or Pol II phosphorylated at Ser5 in the C-terminal domain (**A**). Data are presented as mean ± SD of three independent experiments (**B**). Compared to other groups ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01.](dddt-10-1181Fig4){#f4-dddt-10-1181}

![BS-181-inhibited gastric cancer growth in vivo and increased survival rate.\
**Notes:** The change in tumor volume (**A**) was determined for each animal, as tumor volume relative to the tumor volume of each animal at day 1; mice body weights (**B**) were similar between groups for a 14-day observation; treatment with BS-181 significantly increased survival rate in an additional 30-day observation (**C**); roscovitine was used as a positive control. Compared to control group ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001. Compared to other groups ^\#^*P*\<0.05.](dddt-10-1181Fig5){#f5-dddt-10-1181}

###### 

In vitro growth inhibitory activity of BS-181 on gastric cancer and normal cell lines

  Cell lines   Differentiation                   IC~50~, μM (SD)[a](#tfn2-dddt-10-1181){ref-type="table-fn"}
  ------------ --------------------------------- -------------------------------------------------------------
  MKN28        Well differentiated               16.8 (4.2)
  SGC-7901     Moderately differentiated         19.2 (5.5)
  AGS          Poorly differentiated             21.2 (6.1)
  BGC823       Undifferentiated                  22.4 (5.0)
  RGM-1        Normal gastric epithelial cells   6.5 (1.5)

**Notes:** Different gastric cancer cell lines including MKN28, SGC-7901, AGS, and BGC823 were treated with increasing concentrations of BS-181 for 48 hours. CCK-8 assay showed that gastric cancer cell growth was inhibited by BS-181, with IC~50~ ranging from 17 μM to 22 μM;

tested by CCK-8 assay.

**Abbreviations:** IC~50~, inhibitory concentration; SD, standard deviation.

###### 

Inhibition of cyclin-dependent protein kinase activity by BS-181

  Kinases   Roscovitine IC~50~, μM (SD)   BS-181 IC~50~, μM (SD)
  --------- ----------------------------- ------------------------
  CDK7      0.48 (0.12)                   0.019 (0.005)
  CDK1      1.50 (0.31)                   6.70 (2.1)
  CDK2      0.09 (0.02)                   1.01 (0.32)
  CDK4      16.2 (3.50)                   27.0 (4.4)
  CDK5      0.20 (0.06)                   3.60 (0.62)
  CDK6      24.5 (5.20)                   32.5 (6.7)
  CDK9      1.05 (0.34)                   4.2 (1.1)

**Notes:** The mean IC~50~ values (μM) for roscovitine and BS-181 were obtained from three independent experiments. Roscovitine is a potent and selective CDK inhibitor. Data are expressed as mean ± SD.

**Abbreviations:** IC~50~, inhibitory concentration; SD, standard deviation; CDK, cyclin- dependent kinase.
